Background: T lymphocytes exert important homeostatic functions in the healthy intestinal mucosa, whereas in case of colorectal cancer (CRC), infiltration of T lymphocytes into the tumor is crucial for an effective anti-tumor immune response. In both situations, the recruitment mechanisms of T lymphocytes into the tissues are essential for the immunological functions deciding the outcome. The recruitment of T lymphocytes is largely dependent on their expression of various chemokine receptors. The aim of this study was to identify potential chemokine receptors involved in the recruitment of T lymphocytes to normal human colonic mucosa and to CRC tissue, respectively, by examining the expression of 16 different chemokine receptors on T lymphocytes isolated from these tissues.
classified according to the position of their conserved cysteine residues into four groups: CXC, CC, C, and CX3C [4, 5] . Based on their function, they are referred to as homeostatic, inflammatory, or both [6] . Chemokines mediate their effects by binding to 7-transmembrane G-protein coupled receptors expressed on target cells [4] . There are 18 identified human chemokine receptors (and 5 additional atypical receptors), grouped according to the type of ligand they bind, and have been named CXCR1 through 6, CCR1 through 10, CX3CR1, and XCR1 [7] .
Chemokines are mainly known for their ability to direct leukocyte recruitment and migration under both homeostatic and inflammatory conditions [6, 8, 9] . Homeostatic chemokines (constitutively expressed) are important for several physiological processes such as embryogenesis, hematopoiesis, and lymphocyte trafficking [8, 10] , whereas the expression of inflammatory chemokines is induced upon pathological events, such as inflammation and cancer growth [8, 11] . Furthermore, in cancer biology, chemokines play a role in a number of additional processes, such as tumor cell growth/survival, metastatic spreading, and angiogenesis [11] [12] [13] .
The colonic mucosa is lined by a single-cell layer of columnar epithelium sitting on a laminin/collagenous basement membrane. Underlying this is a layer of loose connective tissue called lamina propria (LP), which in turn is demarcated by a thin smooth muscular layer (muscularis mucosae). The formation of CRC is thought to start through inappropriate epithelial proliferative and antiapoptotic activity leading to formation of adenomas, which evolve into pre-invasive carcinoma in situ [14] . Pre-invasive CRCs eventually acquire the ability to invade through the submucosa and muscularis propria, and finally to metastasize [14] . The progression from normal epithelium through adenoma to colorectal carcinoma is characterized and driven by multiple accumulated mutations of cancer genes [15] .
In normal colonic mucosa, effector lymphocytes that localize to the epithelial compartment (intraepithelial lymphocytes; IEL) are primarily CD8 + T lymphocytes. Interestingly, IEL have been implicated in the control of intestinal epithelial cell growth/turnover and in sensing and eliminating cancerous or injured epithelial cells [16, 17] . In contrast, the LP contains mainly CD4 + T lymphocytes (lamina propria lymphocytes; LPL) at an approximate CD4/CD8 ratio of 2:1 at homeostatic conditions and is thought to be important in maintaining a tolerogenic environment [18] . Colonic T lymphocyte homing is less studied than homing to the small intestine, but likely requires either integrin α4β7 or α4β1 [19] [20] [21] . In addition, CCR2, CCR5, CCR6, CXCR3, CXCR4, and CXCR6 expression has been observed on proportions of inflamed and non-inflamed colonic mucosal T lymphocytes in humans [22] [23] [24] [25] [26] .
Cancer tissue is typically infiltrated by effector T lymphocytes and the presence of these TILs has been correlated with improved clinical outcome in different human cancers, including CRCs [2, 3, 27, 28] . In a study by Galon et al., patients with high frequencies of infiltrating CD3
+ T lymphocytes within their colorectal tumors had a better 5-year survival rate (73%) than those with low numbers of CD3 + T lymphocytes (30%) [29] . Furthermore, it has been shown that both CD4
+ and CD8 + effector T lymphocytes may have anti-tumor properties and independently correlate with improved outcome [30] [31] [32] . Thus, TILs and their ability to localize to CRCs constitute attractive targets for cancer immunotherapy. Indeed, new anti-cancer therapies, such as ipilimumab which is a blocking antibody to cytotoxic T lymphocyte-associated protein-4 (CTLA-4), are associated with increased infiltration of T lymphocytes into the tumor tissue and significantly increased survival rates [33] . Despite the fact that these studies recognize the protective effect of infiltrating T lymphocytes against cancer and that the initial studies regarding TILs were published almost 30 years ago, the molecular mechanisms whereby TILs are recruited into tumors remain elusive [34, 35] .
A number of chemokines, such as CCL2-4, CXCL1, CXCL5, and CXCL8-10, have been shown to be present at elevated levels in the CRC microenvironment compared to normal tissues [36, 37] . However, it remains unclear which chemokine receptors T lymphocytes use to infiltrate into the tumor mass. The previous studies have presented data for a few of the known chemokine receptors regarding the expression on TILs in CRC (i.e., CCR2, CCR4-7, and CXCR3) [38] [39] [40] [41] [42] [43] . The results of a recently published study showed that CXCR3 was expressed on significantly fewer CD4 + and CD8 + T lymphocytes in tumor tissue compared to the unaffected tissue [44] . In contrast, there was a higher frequency of CD4 + T lymphocytes expressing CCR4 in the tumor tissue [44] .
The aim of the current study was to identify potential chemokine receptors involved in T lymphocyte recruitment to human normal colonic mucosa and to CRC tissue. We examined the expression of 16 chemokine receptors on CD4 + and CD8 + T lymphocytes in normal colonic mucosa as compared with CRC tissue. The results showed that CD4 + and CD8 + T lymphocytes in unaffected colonic mucosa have distinct chemokine receptor profiles, and furthermore that T lymphocytes from unaffected colonic tissue as compared with CRC tissue differ in their chemokine receptor profile. 
Methods

Tissue samples
Tissue specimens were obtained from six patients undergoing bowel resection for CRC. The tumors were of primary and invasive type. The age of the patients ranged from 45 to 78 years, with an average of 62.5 years. During the colectomy procedure, a piece of tumor tissue and that of unaffected mucosa at least 5 cm away from the tumor were collected and immediately transported in 4 °C Hank's solution to the laboratory facilities. The size of the tumor tissue and unaffected tissue specimens was 2-3 and 10-15 cm 2 , respectively. The study was approved by the regional research ethics committee at Lund University, Sweden (LU 75-03, LU 132-98). Informed written consent was obtained from the patients and the study conformed to the ethical guidelines of the Declaration of Helsinki.
Isolation of lymphocytes
Lymphocytes were obtained from surgical samples of unaffected human colonic mucosa and carcinoma tissue by a previously described method with minor modifications [45] . Briefly, the mucosa was dissected free of underlying adipose tissue and musculature along the fibrous connective tissue layer. All remaining fibrous tissue strands were carefully removed and specimens were cut into 1 cm 2 tissue pieces. Epithelial cells were removed by EDTA (0.5 M) treatment at 37 °C for 3 × 30 min. The remaining tissue was incubated in RPMI-10 containing collagenase type VIII (100 U/mL, Sigma-Aldrich) and CaCl 2 (0.5 M), for 1 h. The resulting cell suspension was spun down and further purified using a 40/70% Percoll gradient (Percoll ™ , GE Healthcare). After centrifugation, the lymphocytes were aspirated at the 40/70 interface. The cells were washed with RPMI-10 medium and the total numbers of viable lymphocytes were enumerated by light microscopy and trypan blue dye exclusion.
Flow cytometry analysis of intestinal lymphocyte populations
Purified lymphocytes from tissue samples of unaffected mucosa and carcinoma tissue were incubated with 10 µg/mL mouse or rabbit anti-human chemokine receptor antibody for 40 min (after a 20 min blocking step with 3% normal human serum and 3% BSA). Sixteen human chemokine receptors were stained for primary mouse or rabbit antibodies (Table 1) 
Statistical analysis and data presentation
Statistical analyses were performed using Prism Software version 6.0 (GraphPad Software) and reported values represent median values with interquartile range (IQR). p < 0.05 were considered statistically significant.
Results
Colorectal carcinoma tissues were infiltrated by T lymphocytes
To examine the expression profile of chemokine receptors on T lymphocytes recruited to unaffected colonic mucosal tissue and colorectal carcinoma (CRC) tissue, we isolated lymphocytes from human CRC specimens and unaffected lamina propria, for flow cytometry analysis. In accordance with the previous studies showing that T lymphocytes infiltrate into tumor tissue (2, 29) , our results showed that the mean number of viable lymphocytes, based on trypan blue exclusion, was higher in carcinoma tissues (5.2 × 10 6 cells/cm 2 ) compared + and CD8 + lymphocyte populations were gated, as shown in Fig. 1a -c, for further analysis of the expression of 16 different human chemokine receptors. Figure 1d shows representative flow cytometry histograms of the chemokine receptors CCR5, CCR10, CXCR3, CXCR4, and CXCR6 on CD4
+ and CD8 + lymphocytes isolated from unaffected mucosa.
The chemokine receptor expression profiles differed between CD4
+ and CD8 + mucosal T lymphocytes
To examine the physiological levels of chemokine receptor expression on human colonic mucosal T lymphocytes, we first analyzed lymphocytes isolated from unaffected mucosal lamina propria. The receptors CCR5, CXCR3, and CXCR4 were expressed by high percentages of CD4 (Fig. 2a-c) .
Similar to the CD4 + T lymphocytes, CCR5 (76.0% IQR 60.3-93. + T lymphocytes (Fig. 2a-c) . CCR8, CCR10, CXCR1, and CXCR2 were not expressed by neither the CD4 + nor the CD8 + T lymphocyte populations. When comparing the expression levels of chemokine receptors on CD4
+ versus CD8 + T lymphocytes from unaffected lamina propria, CCR2 and CCR4 showed significantly higher expression frequencies on CD4 + T lymphocytes than on CD8 + T lymphocytes (Fig. 2a) . In contrast, CXCR3 and CXCR6 were more frequently expressed on CD8
+ than on CD4 + lymphocytes (Fig. 2b ). CCR5 showed a tendency towards higher expression on CD8 + lymphocytes, but this difference was not statistically significant. The remaining chemokine receptors were expressed at similar levels by CD4
+ and CD8 + T lymphocyte populations (Fig. 2a-c) .
T lymphocytes from colorectal carcinoma tissue showed a distinct chemokine receptor expression profile compared to unaffected tissue Next, we compared the expression frequencies of chemokine receptors on CD4 + (Fig. 3a-c ) and CD8 + lymphocytes ( Fig. 3d-f (Figs. 3a, b, 4a) . Moreover, the percentages of CCR9 +
CD8
+ and CCR9 + CD4 + lymphocytes were lower in carcinoma tissue as compared to unaffected tissues. However, this difference was not statistically significant for the CD4 + T lymphocytes (Figs. 3a, d, 4c ). An apparent trend towards lower chemokine receptor expression by T lymphocytes from carcinoma tissue was observed for the receptors CCR3 and CX3CR1, whereas CXCR5 was not expressed at all by T lymphocytes from carcinoma tissue (Figs. 3a-f, 4b, d) . Thus, although the general pattern of chemokine receptor expression by T lymphocytes in carcinoma tissue as compared with unaffected mucosa was quite similar, there were clear and statistically significant differences with regard to a number of chemokine receptors, i.e., CCR2 and CXCR5 in CD4 + T lymphocytes, and CCR2, CCR9, and CXCR5 in CD8 + T lymphocytes.
Discussion
High numbers of human tumor-infiltrating T lymphocytes (TILs) have been demonstrated to correlate with enhanced survival [27] [28] [29] 33] . Furthermore, increased frequencies of intratumoral CD4 + and CD8 + T lymphocytes have been independently associated with good clinical outcome [46] . Despite a clear increase in the total number of T lymphocytes in carcinoma tissue, it has been shown that the relative proportions of CD4 + and CD8 + T lymphocytes remain the same [30, 44] . In this study, we have examined the chemokine receptor expression on CD4 + and CD8 + T lymphocytes, respectively, isolated from CRC tissue, and compared this to CD4 + and CD8 + T lymphocytes isolated from nearby located unaffected colonic mucosal tissue.
The recruitment of T lymphocytes from the circulation into the tumor mass is a highly regulated process mediated by adhesion molecules, chemokines expressed by the tissue, and chemokine receptors expressed by the lymphocytes [33, 46] . In murine cancer models, agents blocking chemokines or their receptors have been shown to inhibit tumor growth, and moreover, this effect correlated with TILs [47] [48] [49] . However, the role of different chemokine receptors in the recruitment of human T lymphocytes to tumor tissues has not been fully elucidated.
In this study, we examined the expression of 16 different chemokine receptors on CD4 + and CD8 + T lymphocytes, respectively. This represents a notably broad panel in comparison with previously published studies, both in the perspective of normal colonic tissue and CRC tissue [9, 44] . The results showed that the isolated T lymphocytes expressed all the examined chemokine receptors, to various degrees, with the exception of CCR8, CCR10, CXCR1, and CXCR2. This is in agreement with a meticulous study examining the expression of 11 different chemokine receptors on peripheral blood lymphocytes [50] . It has been suggested by other groups that T helper subsets (i.e., Th1, Th2, and Th17) [51] [52] [53] and cytotoxic T lymphocyte subsets (i.e., Tc1 and Tc2) [54] have specific chemokine receptor expression patterns, but subsequent studies have shown that the overlap between the subpopulations is substantial and that the chemokine receptor profile can change without a concomitant change in the cytokine profile [50, [55] [56] [57] [58] . Thus, the use of chemokine receptors as markers for T lymphocyte subsets is controversial. In our study, CCR5, CXCR3, and CXCR4 were the receptors displaying the highest expression frequencies, which interestingly enough was true for both CD4 + and CD8 + T lymphocytes. Although the chemokine receptor expression was in large parts similar between CD4 + and CD8 + T lymphocytes from unaffected mucosa, a number of the receptors displayed significant differences in expression. Specifically, CCR2 and CCR4 were more frequently expressed by CD4 + T lymphocytes, whereas CXCR3 and CXCR6 were expressed at higher levels by CD8 + T lymphocytes. These results suggest that the molecular mechanisms mediating T lymphocyte recruitment into the gut mucosa may differ between CD4
+ and CD8 + T lymphocytes, as illustrated by significant differences in the levels of one-third of the expressed chemokine receptors.
The results from this study showed that the expression levels of certain chemokine receptors differed significantly when T lymphocytes isolated from colonic carcinoma tissue were matched against those isolated from unaffected colonic mucosal tissue. The proportion of CCR2
+ cells was around 50% lower among both CD4 + and CD8 + T lymphocytes in tumor as compared with unaffected tissue. Interestingly, CCR2 has been associated with Th1, Th17, and Tc1 but not with other T lymphocyte subsets [46, 54, 59, 60] . Thus, the lower frequency of CCR2 + T lymphocytes in carcinoma tissues might be a result of tumor immune surveillance escaping mechanisms [46] . Intriguingly, it has been described that tumors may alter the chemistry of certain chemokines by nitrosylation and thereby hindering T lymphocyte infiltration [61] . Indeed, tumor-produced nitrosylated CCL2, which is the main ligand for CCR2 [62] , has been shown to selectively recruit myeloid-derived suppressor cells (MDSCs) while abrogating recruitment of Th1 and cytotoxic T lymphocytes [46, 61, 63] .
Svensson et al. analyzed seven different chemokine receptors in CRC patients in a similar fashion as we did and reported that the percentage of CXCR3
+ cells among CD4 + and CD8 + T lymphocytes was lower in colorectal carcinoma tissue as compared with unaffected tissue, the percentage of CCR4
+ cells was higher among tumor CD4
+ but not CD8 + T lymphocytes, whereas five other chemokine receptors did not show any differences [44] . Our data showed a numerical, but not statistically significant decrease, in tumor CXCR3 + CD4 + and CD8 + T lymphocytes, whereas CCR4 + CD4 + and CD8 + T lymphocytes were present at equal frequencies in tumor and in unaffected tissue. However, while their analysis of CCR9 did not show any differences, our results showed a significant decrease in the percentage of CCR9 + among CD8 + T lymphocytes in tumor compared to unaffected tissue, and CCR9
+
CD4
+ T lymphocytes were numerically but not significantly fewer in CRC tissue. It is well established that CCR9 mediates gut-specific homing of T lymphocytes and that gut epithelial cells produce CCL25 (CCR9 ligand) [64] [65] [66] . Remarkably, Chen et al showed that CCR9 was upregulated in intestinal adenomas, colonic carcinoma in situ, primary CRC cell cultures, and colon-cancer-initiating cell (CCIC) lines [67] . The authors suggested that locally produced CCL25 by the surrounding colon epithelium binds to the epithelial-expressed CCR9 and promotes proliferation of the early stage CRC cells. In addition, they describe a CCL25 "sink" function for epithelial-expressed CCR9 [67, 68] . novel immune surveillance evasion mechanism used by early stage CRC. Interestingly, we did not detect any CXCR5 + T lymphocytes in the carcinoma tissues, in contrast to the unaffected tissues. Although there have been reports on increased expression of CXCL13 (the only known ligand for CXCR5) in CRC, our data are in agreement with the study by Bindea et al. describing an immune evasive mechanism in CRC through which tumor CXCL13 production is downregulated (chromosomal deletion) and CXCR5 + lymphocytes hindered from being recruited to the tumor [69] [70] [71] .
Conclusions
Using a broad antibody panel to 16 different chemokine receptors, our study showed that T lymphocytes which had infiltrated into colorectal carcinoma tissue differed significantly in their expression of CCR2, CCR9, and CXCR5, thus displaying a distinct chemokine receptor profile as compared with T lymphocytes in unaffected colonic mucosa. The specific differences in CCR2 and CXCR5 expression fit well with two previously described immune surveillance evasion mechanisms, respectively, used by cancers [61, 69] . In addition, we suggest a novel potential immune surveillance evasion mechanism through which colorectal carcinoma tissue perturbs the ability of CCR9 + T lymphocytes to be recruited to the tumor. Hence, manipulation of chemokine/chemokine receptor axes' biology by CRC seems to represent an important mechanism limiting the anti-tumor immune response. Finally, the expression profile differed in onethird of the expressed chemokine receptors between CD4 + and CD8 + T lymphocytes in normal colonic mucosa. These data contribute to the understanding of how T lymphocyte trafficking to the human colon mucosa is regulated under normal conditions, an area that remains surprisingly ambiguous. Taken together, this study should be followed by larger confirming studies which will have great potential to lay the basis for the development of new cancer immunotherapeutics. Such agents should exploit trafficking mechanisms of T lymphocytes and aim at changing the tumor microenvironment, so that it becomes more extensively infiltrated by T lymphocytes. Gratifyingly, the initial studies along that path trying to increase the levels of cancer-related proinflammatory danger signals and intratumoral cytokines have already been performed [72, 73] .
